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Abstract: We have performed a numerical analysis of the structural dependence of the PCF parameters towards ultra-flat dispersion in the C-
band of communication wavelength. The technique is based on regular square-lattice PCF with all the air-hole of same uniform diameter and 
the effective size of the air-holes are modified with a selective infiltration of the air-holes with liquids. The dependence of the PCF structural 
parameters namely air-hole diameter and hole-to-hole distance along with the infiltrating liquid has been investigated in details. It is shown 
that the infiltrating liquid has critical influence on both the slope and value of dispersion, while pitch only changes the dispersion value 
whereas air-hole diameter modifies the slope of the dispersion. Our numerical investigation establishes dispersion values as small as 
0±0.58ps/(nm-km) over a bandwidth of 622nm in the communication wavelength band (C-band). The proposed design study will be very 
helpful in high power applications like broadband smooth supercontinuum generation, ASE suppressed amplification etc. 
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1. Introduction 
For communication systems, chromatic dispersion control in 
optical fibers is a very important problem, for both linear 
(like dispersion compensation etc) and nonlinear applications 
(especially for ultra short pulse propagation for broadband 
supercontinuum generation (SCG) etc). In all the cases, ultra-
flattened dispersion fiber behavior becomes a crucial 
requirement. 
Photonic Crystal Fiber (PCFs), also called holey fibers or 
microstructured optical fibers (MOFs) [1-2], possess the 
especially attractive property of great controllability in 
chromatic dispersion and nonlinearity by varying the air-hole 
diameter and hole-to-hole spacing. PCFs, because of their 
unique properties compared to bulk media and conventional 
fibers have been extensively investigated for realization of 
shifting ZDW [3-4], large negative dispersion [5-6] and ultra-
flat dispersion in the required wavelength range [7-16]. 
Conventional PCFs use air-hole of same diameter arranged in 
a regular pattern throughout the cladding of the structure. 
However to realize ultra-flattened dispersion over a long 
wavelength window, we require different air-hole diameter in 
the cladding [11-16]. 
In this paper, we have presented that the effect of different 
air-hole diameter, without changing the air-hole diameter, 
can be realized with regular square-lattice PCF (S-PCF) 
geometry by infiltrating selective air-holes with various 
liquids such as polymers [17], water [18] and ethanol [19]. 
The concept of liquid infiltration in PCF has been found to be 
suitable for applications like Tunable PBG effect and long-
period fiber grating [20]. In this work, a detailed analysis of 
the dependence of the structural parameters of S-PCF along 
with infiltrating liquid, upon total dispersion towards 
achieving ultra-flat near zero dispersion PCFs with selective 
liquid infiltration in the inner air-hole rings has been 
presented. The design establishes an ultra-flat dispersion as 
small as of D=0±0.58 ps/nm/km (with wavelength bandwidth 
of 622nm) over the communication wavelength band. 
2. Design of Liquid filled PCF and analysis 
method:  
Regular PCF consist of air-holes arranged in a regular pattern 
distributed symmetrically in the cladding. For conventional 
triangular-lattice PCF, we use “d” as the air-hole diameter 
and “Λ” as the hole to hole distance. In a square-lattice PCF, 
we use Λ as the distance between two air-holes in both 
horizontal and vertical directions with d as the air-hole 
diameter. S-PCF has been found to be a better candidate 
compared to its triangular counterpart in cases like wideband 
single-mode operation [21] and broadband dispersion 
compensation, higher effective area and red-shifting of Zero 
Dispersion Wavelength (ZDW) [4]. S-PCF is endlessly 
single-mode for higher d/Λ than triangular one [21] and it 
can better compensate the inline dispersion for broad 
dispersion compensation as it is having relatively closer 
relative dispersion slope (RDS) with existing SMF28 [4]. S-
PCF provides higher effective area [4] that allows 
accumulating high power in the core region for high power 
applications like Supercontinuum Generation (SCG). Red-
shifting of ZDW with S-PCF compared to triangular lattice 
PCF [4] allows broadband SCG in IR region especially with 
non silica materials. With these advantages we aimed to 
achieve near-zero ultra-flat dispersion nature with S-PCF. To 
design ultra-flat near zero dispersion PCF for wideband 
wavelength, we need variable air-hole diameter in the 
cladding [11-16]. The same can be achieved with uniform 
air-hole diameter by filling the air-holes with liquid of certain 
refractive indices and thereby mimic the effect of variable 
air-hole diameter. Depending on the refractive index (RI) of 
the infiltrating liquid, the effective size of the air-hole 
diameter can be modified.  
There are certain issues related to the infiltration of liquid to 
the air-holes, whether the fluid wets glass and how viscous it 
is. If the liquid does not wet glass then surface tension will 
oppose entry of the liquid into the hole, making it difficult to 
fill. For this case we need a pressure greater than one 
atmosphere for air-hole diameter of values 0.46μm (our 
optimized diameter here). For this case a powerful vacuum 
pump will be required. On the other hand if the fluid does 
wet glass then the filling speed will depend on viscosity. 
Thus, we can fill the holes (and how quickly), with the given 
values for surface tension, contact angle and viscosity.  
The schematic of the design has been presented in Fig. 1. The 
S-PCF consist of four air-hole rings with the inner air-hole 
ring infiltrated with liquid of refractive indices nL
2
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air-hole ring can be infiltrated with certain liquid first by 
fusing the outer rings of air holes with fusion splicing 
technique [22] and then by immersing one end of the fiber in 
a liquid reservoir and applying vacuum to the other end of 
the fiber [18]. As the RI of the infiltrating liquid is less than 
the background silica, light will be guided by the modified 
total internal reflection (TIR). Modal field properties are 
evaluated by with CUDOS MOF Utilities [23] that uses 
Multipole method [24-25]. The efficiency and validity of the 
method has already been presented [24-25]. The total 
dispersion (D) is computed with 
 (1). 
Here Re[neff] stands for the real part of the effective indices 
obtained from the simulations and c is the velocity of light in 
vacuum.  
 
Fig 1: Cross section of the proposed photonic crystal fiber. The shaded 
regions represent air holes infiltrated with liquid with refractive indices nL
3. Structural parameters dependence 
towards ultra-flat dispersion  
. 
Our approach of optimization relies on varying multi-
dimensional parameter space that consists of the liquid RI 
(nL
The first step of the optimization process is presented here, 
with Fig. 2 shows the effect of Λ on the D values.  The figure 
reveals that the dispersion values changes for different values 
of Λ without much change in the slope. So, changing Λ has 
the effect of total dispersion. Figure 3 presents the effect of 
air-hole diameter (d) upon total dispersion. The dispersion 
slope changes rapidly for higher values of air-hole diameter 
where as the effect is less prominent for lower values of air-
filling fraction (d/Λ). This can be attributing to the fact that 
with the increase of d, the waveguide effect increases and the 
interplay between material dispersion and waveguide 
dispersion results in the oscillation of the dispersion slope. 
Thus, changing d has the effect of changing dispersion slope. 
The effect of n
), hole-to-hole distance (Λ), and air-hole diameter (d) to 
design ultra flat, near zero dispersion optical fibers. The 
optimization process has been considered through few steps. 
In the first step, we’ll study the dependence of the individual 
structural parameters along with the infiltrating liquid RI 
towards total dispersion. For this step, we’ll consider a liquid 
with constant RI.  In the second step, we’ll optimize a design 
relying upon the findings of the first stage. In the third stage 
we’ll choose a practical liquid (wavelength dependent) 
corresponding to the RI of the liquid optimized in the second 
stage. We’ll re-optimize the other parameters with the 
available liquids to achieve near zero ultra-flat dispersion 
around the communication wavelength. 
L upon dispersion has been presented through 
Fig. 4.  For smaller values of nL the slope is always positive 
where as the slope increases first and then decreases for 
higher wavelength for higher values of nL. The figure clearly 
presents that, changing nL is having the effect of modifying 
both dispersion and its slope. Thus, we summaries the above 
effect as varying the Λ influences the total dispersion while 
varying d has the desired effect of modifying the dispersion 
slope, and varying nL
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Fig  2: Dispersion variation of the PCF as a function of Λ keeping nL and d 
fixed 
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Fig.  3: Variation of Dispersion as a function of air-hole diameter (d) with Λ 
and nL
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Fig.  4: Dispersion performance as calculated for varying nL 
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Fig. 5: Ultra-flat dispersion of 0±0.57ps/nm/km over 1548-2106nm for a 
bandwidth of 558nm for Λ=0.90μm, nL
4. Optimization towards near-zero ultra-flat 
dispersion PCF  
=1.324, d=0.45μm. 
With the help of the above conclusion regarding the 
dependence of the structural parameters upon dispersion, we 
move towards the second stage of our aim. We started with 
nL=1.35 and Λ=1.00μm and we changed d to get an flat 
dispersion not necessarily near zero. Next, we optimize the 
other parameters keeping the previously obtained d fixed. 
After changing the parameters (either lowering or raising the 
values of the parameters) we have obtained one ultra-
flattened near zero dispersion PCF as shown in Fig. 5. The 
figure reveals an ultra-flattened dispersion of 
D=0±0.57ps/nm/km from 1548nm to 2106nm i.e. for a 
wavelength bandwidth of 558nm. The optimized parameters 
for this purpose was found to be Λ=0.91μm, d=0.45μm and 
nL
Now having obtained preliminary design of near zero ultra-
flattened dispersion with an artificial liquid we moved 
towards the final stage of our target of achieving near-zero 
ultra-flattened dispersion PCF with practical liquid. For this 
purpose we considered a liquid (calling liquid#1) available 
with M/S Cargille Lab. Inc. USA [26] whose RI is close to 
the previously optimized value. With this liquid we could 
achieve an ultra-flattened dispersion of D=0±0.76 ps/nm/km 
from the wavelength range from 1540nm to 2196nm i.e. for a 
bandwidth of 656nm with Λ=0.91μm and d=0.46μm as 
shown in Fig. 6. As the liquid RI is wavelength dependent, 
the material dispersion of the liquid is an important aspect 
and the same is presented in Fig. 7. The figure clearly 
indicates significant contribution of the liquid towards the 
target dispersion. The flexibility of the design procedure has 
been presented in Fig. 8 which presented another ultra-
flattened dispersion with a different liquid (calling liquid#2) 
with a different set of optimized parameters. With liquid#2 
we could achieve an ultra-flat dispersion of D=0±0.58 
ps/nm/km for the wavelength range from 1664nm to 2286nm 
i.e. for a bandwidth of 622nm with Λ=0.93μm and 
d=0.50μm. 
=1.324.  
Cauchy equation of the oils: 
Liquid#1:n1(𝜆𝜆)=1.3241434+201757/𝜆𝜆2+5.656121×1010/𝜆𝜆4  
Liquid#2:n
(2) 
2(𝜆𝜆)=1.3146073+184118/𝜆𝜆2+1.095603×1011/𝜆𝜆4 
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Fig 6: The ultra-flat dispersion of 0±0.76ps/nm/km over 1540-2196nm with 
a bandwidth of 656nm obtained with Liquid#1 with Λ=0.91μm and 
d=0.46μm. 
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Fig 7: Contribution of the material dispersion of Liquid#1 towards the total 
dispersion for the fiber with Λ=0.91μm and d=0.46μm. Material dispersion 
of the liquid contributes significantly towards achieving ultra-flat near zero 
dispersion. 
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Fig 8: The ultra-flat dispersion of 0±0.58ps/nm/km over 1664-2286nm with 
a bandwidth of 622nm obtained with Liquid#2 with Λ=0.93μm and 
d=0.50μm. 
5. Conclusions and discussions 
Towards designing near zero ultra-flattened dispersion for a 
wide wavelength window we have performed a numerical 
analysis of the the structural parameter dependence of 
uniform air-hole square-lattice PCFs with the first air-hole 
ring infiltrated with liquid of certain refractive indices. The 
study reveals that varying d has the desired effect of 
modifying the dispersion slope whereas varying the Λ 
influences the total dispersion, and varying nL
Acknowledgements 
 modifies both.    
With the help of the above study we could achieve a near 
zero ultra-flattened dispersion PCF with D as small as 0±0.58 
ps/nm/km in for a bandwidth of more than 600nm. Two 
designs with two different available liquids have been 
optimized. Our design will have great influence on many 
engineering applications, namely dispersion compensation 
over wide wavelengths, birefringence control, wideband 
smooth supercontinuum generation, ultra-short soliton pulse 
propagation and many other photonic device applications like 
PBG devices and long period fiber gratings. Design and 
study of broadband smooth SCG spectra based on near-zero 
ultra-flat dispersion PCF is currently under study [27]. 
The authors would like to thank Dr. Boris Kuhlmey, 
University of Sydney, Australia for providing valuable 
suggestions in understanding the software for designing and 
studying the properties of different structures. The authors 
acknowledge sincerely the Defence Research and 
Development Organization, Govt. of India and CRF of IIT 
Kharagpur for the financial support to carry out this research. 
 
References 
[1]. J. Broeng, D. Mogilevstev, S. E. Barkou and A. Bjakle, 
“Photonic Crystal Fibers: a new class of optical waveguides” 
Opt. Fiber Tech. 5, 305-330 (1999). 
[2]. P. St. J. Russel, “Photonic-Crystal Fibers”. J of Lightwave 
Tech. 24, 4729-4749 (2006) 
[3]. B. T. Kuhlmey, G. Renversez and D. Maystre, “Chromatic 
dispersion and losses of microstructured optical fibers,” Appl. 
Opt. 42, 634–639 (2003). 
[4]. A. H. Bouk, A. Cucinotta, F. Poli, S. Selleri “Dispersion 
properties of square-lattice photonic crystal fibers,” Opt 
Express 12, 941 (2004) 
[5]. T. Fujisawa, K. Saitoh, K. Wada, and M. Koshiba, “Chromatic 
dispersion profile optimization of dual-concentric-core 
photonic crystal fibers for broadband dispersion 
compensation,” Opt. Express 14, 893–900 (2006).  
[6]. H. Subbaraman, T. Ling, Y-.Q. Jiang, M. Y. Chen, P. Cao, and 
R. T. Chen, “Design of a broadband highly dispersive pure 
silica photonic crystal fiber,” Appl. Opt. 46, 3263–3268 (2007).  
[7]. A. Ferrando, E. Silvestre, J.J. Miret, and P. Andres, “Nearly 
zero ultra-flattened dispersion in photonic crystal fibers,” Opt. 
Lett. 25, 790-792 (2000) 
[8]. A. Ferrando, E. Silvestre, and P. Andres, “Designing the 
properties of dispersion-flattened photonic crystal fiber,” Opt. 
Express 9, 687-697 (2001) 
[9]. W. H. Reeves, J. C. Knight, P. St. J. Russell, and P. J. Roberts, 
“Demonstration of ultra-flattened dispersion in photonic crystal 
fibers,” Opt. Express 10, 609-613 (2002). 
[10]. K. P. Hansen, “Dispersion flattened hybrid-core nonlinear 
photonic crystal fiber,” Opt. Express 11, 1503-1509 (2003). 
[11]. K. Saitoh, N. J. Florous, and M. Koshiba, “Theoretical 
realization of holey fiber with flat chromatic dispersion and 
large mode area: an intriguing defected approach,” Opt. Lett. 
31, 26-28 (2006). 
[12]. N. J. Florous, K. Saitoh, andM. Koshiba, “The role of artificial 
defects for engineering large effective mode area, flat 
chromatic dispersion and low leakage losses in photonic crystal 
fibers: Towards high speed reconfigurable transmission 
platforms,” Opt. Express 14, 901-913 (2006). 
[13]. K. Saitoh and M. Koshiba, “Highly nonlinear dispersion-
flattened photonic crystal fibers for supercontinuum generation 
in a telecommunication window,” Opt. Express 12, 2027-2032 
(2004). 
[14]. K. Saitoh, M. Koshiba, T. Hasegawa, and E. Sasaoka, 
“Chromatic dispersion control in photonic crystal fibers: 
application to ultra-flattened dispersion,” Opt. Express 11, 843-
852 (2003). 
[15]. F. Poletti, V. Finazzi, T. M. Monro, N. G. R. Broderick, V. 
Tse, and D. J. Richardson, “Inverse design and fabrication 
tolerances of ultra-flattened dispersion holey fibers,” Opt. 
Express 13, 3728-3736 (2005). 
[16]. T.-L. Wu and C.-H. Chao, “A Novel Ultraflattened Dispersion 
Photonic Crystal Fiber,” IEEE Photon. Technol. Lett. 17, 67-69 
(2005). 
[17]. J. Eggleton, C. Kerbage, P. S.Westbrook, R. S.Windeler, and 
A. Hale, “Microstructured optical fiber devices,” Opt. Express 
9, 698-713 (2001). 
[18]. Martelli, J. Canning, K. Lyytikainen, and N. Groothoff, 
“Water-core Fresnel fiber,” Opt. Express 13, 3890-3895 
(2005). 
[19]. S. Yiou, P. Delaye, A. Rouvie, J. Chinaud, R. Frey, G. Roosen, 
P. Viale, S. F´evrier, P. Roy, J.-L. Auguste, and J.-M. Blondy, 
“Stimulated Raman scattering in an ethanol core 
microstructured optical fiber,” Opt. Express 13, 4786-4791 
(2005). 
[20]. C. Yu and J. Liou, “Selectively liquid-filled photonic crystal 
fibers for optical devices,” Opt. Express 17, 8729-8734  
(2009). 
[21]. F. Poli, M. Foroni, M Bottacini, M. Fuochi, N. Burani, L. 
Rosa. A. Cucinotta, and S. Selleri, “Single mode regime of 
square-lattice photonic crystal fibers,”J. Opt. Soc. A. 22, 
1655(2005).  
[22]. L. Xiao, W. Jin, M. Demokan, H. Ho, Y. Hoo, and C. Zhao, 
“Fabrication of selective injection microstructured optical 
fibers with a conventional fusion splicer,” Opt. Express 13, 
9014-9022 (2005). 
[23]. CUDOS MOF utilities available online: 
http://www.physics.usyd.edu.au/cudos/mofsoftware/ 
[24]. T. P. White, B. T. Kuhlmey, R. C. PcPhedran, D. Maystre, G. 
Renversez, C. M de Sterke and L. C. Botten, “Multipole 
method for microstructured optical fibers. I. Formulation” J. 
Opt. Soc. Am. B. 19, 2322 (2002). 
[25]. B. T. Kuhlmey, T. P. White, R. C. PcPhedran, D. Maystre, G. 
Renversez, C. M de Sterke and L. C. Botten, “Multipole 
method for microstructured optical fibers. II. Implementataion 
and results.” J. Opt. Soc. Am. B. 19, 2331 (2002). 
[26]. http://www.cargille.com/ 
[27]. P. S Maji and P Roy Chuadhuri,, “Supercontinuum generation 
in ultra-flat near zero dispersion PCF with selective liquid 
infiltration,” Optik, IJLEO, Vol. 125, Iss. 20, p. 5986-5992 
(2014). 
